In the present study, in order to examine the N,N-dimethylaminopropylacrylamide/acrylamide {DMAPAA/AAm} hydrogels' capabilities of repetitive heavy-metal-anion recovery from waste fluid, the authors performed successive Cr(VI) adsorption and the adsorbed-Cr(VI) desorption experiments. It has been proved that the DMAPAA/AAm gels show both of the high Cr(VI)-capturing functionality and Cr(VI)-desorption efficiencies. The results in the present study have demonstrated a possibility of a heavy-metal-anion recycling system in which the hydrogels are reused a number of times.
INTRODUCTION
Since 1968, after an official view was revealed from the Japanese Ministry of Health and Welfare that the Itai-Itai Disease was estimated to be caused by the cadmium eluted off to the upstream of Jintsu River from Kamioka Mine, the environmental pollution by heavy metals received a great deal of public attention [1] . In this situation, the government toughly directed the industrial facilities not to dump heavy-metal wastes into the environment, with which the environmental pollution by them has been successfully reduced recently. However, it should be remembered that the heavy metals will not become harmless without detoxification treatments. In a sense, it can be said that the polluted areas become widen by diffusion in the environment [2] , therefore, quick and effective measures to recover the hazardous heavy metals should be important in order to prevent them from spreading in the environment. Taking these situations into consideration, the authors have estimated that several hydrogels can be possible candidates as the hazardous heavy-metal recovering materials.
The hydrogels show interesting properties by the interactions between network polymer and solvent [3] : by introducing ionized group in the side chain of the network polymer, some of them can capture the heavy metals. By utilizing the heavy-metal capturing functionality, Jacson et al. developed a metal-ion detecting device made of an interpenetrating network hydrogel made of poly(vinyl alcohol) and NIPA/AAc [4] . However, they were not aware of the ion-capturing efficiency, which is indispensable quantity for the environmental application of hydrogels; therefore, the authors have been investigating the heavy-metal capturing efficiency, as mentioned below.
In the previous studies [5] [6] [7] [8] , the authors found that the ionized hydrogels show high ion-adsorption efficiencies over other adsorbents. According to the experimental results measured in the authors' previous study [5] , the heavy-metal cation-capturing efficiency of poly(acrylamide/sodium acrylate) (PAAm/SA) gel is high enough (estimated ~20wt% of network polymer) for the practical use. One of the main factors showing the high heavy-metal cation-capturing efficiency can be that the hydrogels are organic chemical gels composed of light elements (such as H, C, N and O); the weight ratio of the captured heavy metal to the adsorbent (namely, the hydrogel) are much larger than those of the inorganic absorbents such as zeolites. The heavy-metal cation capturing hydrogel can be also made from a biodegradable material such as sodium carboxymethylcellulose (CMC-Na) by irradiating -ray [5, 9, 10] and without any toxic cross-linker; its Cu(II)-capturing efficiency is comparable to the PAAm/SA gel [5] .
In the environment, in addition to the heavy-metal cations, there are harmful heavy-metal anions which are also notorious for causing the environment pollution, such as AsO 4 3-, Cr 2 O 7 -2 and SeO 4 2-. As for chromium, chromium metal itself is harmless and most of the tableware is plated with the chromium metal. Also, almost harmless is trivalent chromium, which is the natural form in the environment. However very toxic is
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34 [3] 501-504 (2009) hexavalent chromium, which is mainly generated artificially in the industry plants. If the skin is stained with chromium acid potassium or dichromic acid potassium, which contains typical hexavalent chromium compound, there are possibilities of cancer, dermatitis and neoplasm. In addition, volatile hexavalent chromium can be easily absorbed from the digestive organs, lungs and skin. As for selenium, a small amount of the selenium is an indispensable element for the human body because its anti-oxidization action is required for composing enzymes. Besides, the raw selenium is a semiconductor with a valuable photoconductive functionality utilized for the photosensitive drum surface of copy machine. However, the selenium also becomes toxic and causes nausea and dermatitis if ingested more than twice the indispensable level.
Under these circumstances, the authors have been also developing heavy-metal anion capturing gels [6, 7, 8] . The first examination was carried out on the heavy-metal-anion capturing property of dimethylaminoethylmethacrylate quaternised with methyl chloride (DMAEMAMeCl)/acrylamide (AAm) gels. In the examination, a possibility of utilizing the gel for capturing a heavy-metal anion has been clearly demonstrated [6] . It was also found that the amounts of the captured heavy-metal ions by the DMAEMAMeCl/ AAm [6] , PAAm/SA [5] and CMC-Na [5] gels are in the same range, and needless to say, higher than the adsorbents such as zeolite, ion-exchange resins and so on.
Then, in the previous study [7] , for investigating how the anion-capturing funtionality changes by substituting terminal group, the authors have investigated Cr(VI)-capturing property of N,N-dimethylaminoethylacrylate (DMAEA) gels, of which the structure is almost identical with DMAEMA-MeCl except for polarizing terminal group; it was found that DMAEA/AAm gel can capture 2/3 the amount of Cr(VI) that DMAEMAMeCl/ AAm gel adsorbs, which is still much larger than those of other adsorbents such as zeolites or ion-exchange resins.
The effect of substituting terminal-group was also examined in the authors' successive investigation [8] , in which the heavy-metal-anion capturing features of N,N-dimethylaminopropylacrylamide/acrylamide (DMAPAA/AAm) gels were investigated. In the investigations, it was found that the DMAPAA/AAm gels show the largest Cr(VI) capturing amounts among the heavy-metal-anion capturing gels investigated previously [5] [6] [7] [8] . Because the polarization intensity of the side-chain terminal group of the DMAPAA/AAm gel (tertiary amine group) is not higher than that of the DMAEMA-MeCl gel (quaternary ammonium group), the authors have considered that the number of alkylene groups from the main chain to the terminal group and the network structure can also play an important role in the ion-capturing mechanism.
As mentioned in the previous sections, some functional hydrogels can effectively capture the hazardous heavy metals. Though such a feature seems promising for an environmental purifying material, there may be several problems for practical applications. One of them can be on the post-processing of the heavymetal-captured hydrogels; in some treatments, the hydrogels themselves can be thorny wastes. Though, in the previous study [5] , the authors found that the heavy-metal capturing gel can be made from the biodegradable CMC-Na, such a material may not be always available in the actual use. Therefore, the authors have thought that reusable adsorbents are desirable by considering the resource saving and less repository-site possession; in other words, the adsorbents should be able to desorb the captured heavy metals by simple treatments. Along this line, the total recovering performance should be determined also by the desorption functionality as well as by the adsorption one, therefore, the comprehensive investigations on both of the functionalities are indispensable. In these situations, in order to examine the DMAPAA/AAm gels' capabilities of repetitive heavy-metal-anion recovery from waste fluid, the successive Cr(VI) adsorption and the adsorbed--Cr(VI) desorption experiments have been performed in the present study.
EXPERIMENTALS
In the same way as the previous studies [7, 8] , an aqueous solution of chromium trioxide is adopted as a model fluid which contains heavy-metal anion because the hexavalent chromium oxoanions CrO Similar to the procedure of the Cr(VI)-adsorption amount measurements, the amount of the desorbedCr(VI) was derived by the concentration multiplied by volume; and then the adsorption ratio was calculated by dividing the desorbed Cr(VI) weight by the adsorbed one obtained in the adsorption experiments.
3. RESULTS ・Adsorption of Cr(VI) Figures 1 and 2 show DMAPAA-fraction and totalpolymer-concentration dependences of recovered Cr(VI) weight at 1 g of the pre-gel solutions, respectively. In the similar manner to the previous studies [6, 7, 8] , the authors adopted this description to express definitely the amount of the DMAPAA and AAm in the respective gels because the DMAPAA/AAm gel expands in a different degree with the DMAPAA composition ratio to AAm in the rinsing procedure in pure water. These experimental results demonstrate that the DMAPAA can adequately work as a heavy-metal anion capturer in polymer network of the DMAPAA/AAm copolymer gel as observed in the previous study [8] : Roughly speaking, the captured Cr(VI) amount increases with DMAPAA Transaction of the Materials Research Society of Japan K. Hara et al.
34 [3] 501-504 (2009)fraction and also with the total concentration of DMAPAA and AAm. However, having a good look at the DMAPAA molar-ratio and concentration dependences, the increases in the adsorbed Cr(VI) amounts become saturated in the higher DMAPAA molar-ratio and total concentration regions. ・Desorption of Cr(VI) Figures 3 and 4 show DMAPAA-fraction and totalpolymer-concentration dependences of the desorbed Cr(VI) weight ratio, respectively. As can be easily seen from the figures, the desorption ratios of DMAPAA/ AAm gels are ~100 wt% in almost all of the DMAPAA fractions and total polymer concentrations, which clearly demonstrates that Cr(VI) can be recycled with high efficiencies.
DISCUSSIONS ・Proposal of a new Cr(VI) recycling method by utilizing the adsorption and desorption functionality
By the Cr(VI)-adsorption and successive adsorbedCr(VI)-desorption investigations of the DMAPAA/AAm gels in the present study, the authors have found that the Cr(VI) captured by DMAPAA/AAm gels can be desorbed with a high efficiency as well as high Cr(VI)-capturing functionality. These properties can be valuable for the waste treatments. With these results in the present study, the authors propose a new heavy-metal recycling method utilizing the Cr(VI)-adsorption and Cr(VI)-desorption functionality as shown in Fig.5 .
In the proposed system (Fig.5) , Cr(VI) in the waste fluid is captured by hydrogel such as DMAPAA/AAm gel. Then, the Cr(VI)-captured hydrogel is treated in the anion-desorption process; the captured Cr(VI) is released and used again as a feedstock, while the Cr(VI)-desorbed hydrogel is revitalized and reused to capture Cr(VI) again from waste fluid. In this way, in the proposed process, the recycling both of the Cr(VI) in the waste fluid and the hydrogel after the Cr(VI)-desorption can be realized at the same time.
By adopting this new recycling treatment, the current social problems on the landfill-site-depletion and the heavy-metal-resource drain can be effectively relieved. However, the examinations in the present study has been carried out in somewhat simple conditions, therefore, those in more realistic conditions are desired for the practical use in the environmental purification, some of which are in progress by the authors. A heavy-metal recycling method by utilizing the adsorption and desorption functionality of hydrogels proposed in the present study and its efficacy in the waste treatment stream.
